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ABSTRACT
To determine the diversity and connectivity of infections in Northwestern and Southwestern 
Cameroon, 232 Plasmodium falciparum infections, collected in 2018 from the Ndop Health 
District (NHD) in the western savannah highlands in the Northwest and the Limbe Health 
District (LHD) in the coastal lowland forests in the Southwest of Cameroon were genotyped for 
nine neutral microsatellite markers. Overall infection complexity and genetic diversity was 
significantly (p < 0.05) lower in NHD than LHD, (Mean MOI = 2.45 vs. 2.97; Fws = 0.42 vs. 0.47; 
Mean He = 0.84 vs. 0.89, respectively). Multi-locus linkage disequilibrium was generally low but 
significantly higher in the NHD than LHD population (mean ISA= 0.376 vs 0.093). Consequently, 
highly related pairs of isolates were observed in NHD (mean IBS = 0.086) compared to those 
from the LHD (mean IBS = 0.059). Infections from the two regions were mostly unrelated (mean 
IBS = 0.059), though the overall genetic differentiation across the geographical range was low. 
Indices of differentiation between the populations were however significant (overall pairwise 
Fst = 0.048, Jost’s D = 0.133, p < 0.01). Despite the high human migration across the 270km 
separating the study sites, these results suggest significant restrictions to gene flow against 
contiguous geospatial transmission of malaria in west Cameroon. Clonal infections in the 
highland sites could be driven by lower levels of malaria prevalence and seasonal transmission. 
How these differences in genetic diversity and complexity affect responses to interventions 






Cameroon is amongst the 10 countries with the high-
est burden of Plasmodium falciparum malaria in the 
world [1] with about 60% of all-cause mortality in 
children under 5 years old being attributed to malaria 
in 2018 [2]. Although P. falciparum malaria is endemic 
throughout Cameroon, the country has different geo-
graphic and epidemiologic strata that influence distri-
bution of mosquito vectors and transmission intensity 
[2–4]. Differences in altitude affect malaria transmis-
sion [5], with the highlands being mostly hypoendemic 
as the climate disfavors the development and repro-
ductive fitness of Anopheles mosquitoes [6]. For exam-
ple, the western highlands of the North West region 
(NWR) are characterized by a cooler temperate climate 
that is associated with seasonal malaria transmission 
while the coastal lowland areas of the South West 
region (SWR) are characterized by a humid climate 
associated with high perennial transmission [2,4]. 
Endemicity differences particularly influence mosquito 
susceptibility and transmission potential for different 
malaria parasite genotypes. This may affect the use of 
interventions such as drugs and insecticides, which in 
turn could result in differences between parasite popu-
lations and the effectiveness of interventions.
The NWR and SWR attract migration from different 
parts of the country and from other countries including 
neighboring Nigeria, most especially traders. These 
regions are highly connected by various transportation 
networks, probably facilitating the sharing of infec-
tions. The SWR especially attracts tourist who come 
to experience its Atlantic coastal beaches, zoos and 
mount Cameroon sites. However, the role of human 
migration and its outcome on parasite population 
genetic structure and gene flow patterns remains 
unknown. Additionally, annual rainfall, temperature, 
topology and vegetation are particularly different 
between the highland grass field areas of the NWR 
and the coastal equatorial forest areas of the SWR [4]. 
It is not known if similar parasite genotypes indeed 
circulate across this geographical range. A few studies 
have examined the multiplicity of infection and/or 
allelic diversity of P. falciparum parasites from the 
South West by genotyping P. falciparum merozoite 
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surface proteins (MSP1 and MSP2), and glutamine rich 
protein (GLURP) [7–10]. These studies reported signifi-
cant differences in genetic diversity driven by altitude 
even for sites separated by only a few kilometers [8,10].
Indices of genetic diversity and differentiation such 
as multiplicity of infection (MOI), expected heterozyg-
osity (He) and pairwise relatedness are important pre-
dictive markers of intensity of transmission [11], 
connectivity between parasite populations and for 
assessing the impact of control interventions. Their 
measurement can be done by PCR-based genotyping 
of polymorphic repeats in merozoite surface proteins 
(MSP1 and MSP2) and glutamate rich protein (GLURP) 
[12–14]. However, the use of MSP1, MSP2 and GLURP 
for such a purpose is heavily criticized since these 
genes are under strong immune selection and may 
potentially result into a distorted view of population 
structure and transmission patterns [15]. Other PCR- 
based genotyping of non-antigenic markers such as 
neutral microsatellites [15,16] and single nucleotide 
polymorphisms (SNPs) [17] are now favored for malaria 
genomic surveillance, necessary to accelerate targeted 
intervention approaches to break transmission and 
reduce malaria burden across Africa. With the deploy-
ment of SNP genotyping technologies still limited, 
microsatellite genotyping remains reliable [18] and 
accessible across the continent. Thus, regions like 
Cameroon with large areas of hypoendemic malaria 
transmission, should be applying these approaches to 
monitor populations and interventions toward local 
malaria elimination. Here we compared the genetic 
complexity, differentiation, and gene flow patterns of 
P. falciparum parasites from western highland grass 
field in NWR and coastal equatorial forest in the SWR 
of Cameroon.
2. Material and methods
2.1. Ethical consideration
The University of Buea Faculty of Health Sciences 
Institutional Review Board and the Delegation of 
Public Health in the NWR and SWR of Cameroon gave 
ethical and administrative clearance to conduct this 
study. Study participants were asked to provide a writ-
ten informed consent (for adults) or a written informed 
assent for children between 12 and 17 years, before 
they were enrolled for any study procedures.
2.2. Description of study sites and population
Volunteers with confirmed malaria infections were 
recruited in the rainy season (March to June) of 
2018. These were individuals attending local hospitals 
and health centers at three sites (Bamunka, 
Bambalang and Bamukumbit) in the Ndop Health 
District (NHD) of the NWR and three sites 
(Bonadikombo, Mile 1 and Bota) in the Limbe Health 
District (LHD) of the SWR of Cameroon (Figure 1(a)). 
Venous blood samples were collected from each 
infected individual. The NHD is located at a high 
altitude (~1200 m above sea level) and malaria trans-
mission is seasonal; while the LHD is located at a low 
altitude (<10 m above sea level) and malaria transmis-
sion is intense and perennial (www.mara.org.za). The 
two districts are separated by a physical distance of 
about 275 km (Figure 1(a)). The NHD is characterized 
by highland grass field vegetation with a cooler tem-
perate climate and average annual rainfall estimated 
at 1800 mm/year. The LHD on the other hand is 
characterized by a succession of vegetation, including 
mangrove, deep equatorial evergreen forest. The cli-
mate is warmer than in NHD, with varying annual 
rainfall that could be up to 4000 mm/year. Recent 
entomological investigations reported parasite inocu-
lation rates varying from 4.9 to 11 infective bites/ 
person/year in the NHD of the NWR and 14.1 to 100 
infective bites/person/year recorded during the rainy 
season in the coastal LHD of the SWR [19,20]. The 
dominant malaria parasite species in both the NHD 
and LHD is P. falciparum transmitted mostly by the 
Anopheles gambiae s.l [21]. However, A. ziemanni has 
been reported in NHD; it is an outdoor and indoor 
biting vector that can sustain malaria transmis-
sion [20].
2.3. Microsatellite genotyping
Plasmodium falciparum positive blood samples were 
confirmed by the variable gene acidic terminal 
sequences qPCR assay (varATS) [22]. A two-round semi- 
nested PCR with fluorescent-end-labeled primers of 
nine neutral microsatellite loci [15,16] was used to 
genotype each infection. The loci included Polyα 
(Chr4), TA81(Chr5), PfPk2 (Chr12), ARAII (Chr11), TA87 
(Chr6), PfG377 (Chr12), TA40 (Chr10), TA60 (Chr13) and 
TA109 (Chr6). The second round PCR for each target 
locus included an internal primer end-labeled with one 
of the following specific fluorochromes: FAM, HEX PET 
and VIC. Amplicons of each locus and isolate were then 
pooled together with GeneScan™ 500 LIZ internal size 
standard (Applied Biosystems, Foster City, CA) for capil-
lary electrophoresis on an ABI SeqStudio genetic 
analyzer.
2.4. Alleles scoring from capillary 
electropherograms
GeneMarker v2.6.3 software (Softgenetics, State 
College, U.S.A.) was used with the default settings 
for animal fragment analysis to view peak heights 
and for sizing fragments from the electropherograms. 
All peaks with a fluorescence intensity between 100 
and 1000 units were called. The fragment with the 
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highest peak corresponded to the major allele while 
peaks with at least 30% the height of the major allele 
were considered minor alleles. Allele sizes were nor-
malized against the 3D7 and HB3 control electropher-
ograms to take into account variations in capillary 
electrophoresis runs [23]. Geneious Prime 2019 soft-
ware was used to construct fragment size bins for 
scoring fragments into allelotypes based on the 
repeat motif length and for determining the number 
of alleles per locus. A full list of the major alleles 
scored at all nine microsatellite loci for each of the 
232 P. falciparum infections containing either single 
or multiple genotypes from Cameroon is presented in 
Additional file: Table S1.
2.5. Within host and population diversity
The complexity within each individual sample was 
expressed as the multiplicity of infection (MOI), the variant 
of inbreeding coefficient (Fws) and the standardized 
multi-locus heterozygosity (sMLH). MOI for a sample was 
determined as the second highest number of alleles for 
any locus, as reported previously [24]. Mean MOI for a 
given population at a locus was calculated by averaging 
the total MOI for all samples at that locus. A sample was 
considered monoclonal when only a single allele 
(fragment peak) was scored for each of the nine micro-
satellite loci [25]. The Fws index expresses the probability 
that any random pair of infections carry different alleles at 
a specific locus. It was calculated for each infection as 
follows, Fws ¼ 1   HwHs
  �
, where Hw is the infection het-
erozygosity across all loci and Hs is the heterozygosity of 
the population from which the infection was sampled. 
sMLH was calculated from individual (i) multi-locus hetero-
zygosity (MLHi), which is the proportion of loci with more 
than one allele among the nine microsatellites genotyped: 
MLH ið Þ ¼ Nmultiallelic ið Þ=Ngenotypeði). The sMLHi for any 
isolate was determined by dividing MLHi by the average 
MLH of all other individuals for the set of loci successfully 
genotyped: sSMLH ið Þ ¼ MLH ið Þ=ð
Pn
j¼1
MLH ið Þ=nÞ, where n 
is the number of all other individuals for the specific 
population.
A haploid dataset comprising only the dominant 
alleles (major electropherogram peaks) was used to 
report all further population genetic analysis as pre-
viously reported [23,26]. The population level genetic 
diversity was estimated from the Nei unbiased 
expected heterozygosity (He) and Linkage disequili-
brium (LD) following 1000 permutations using the 
poppr package in R [27]. Poppr derives the He for 





Figure 1. Sampled populations from Limbe Health District (LHD) of the South West Region (SWR) and Ndop Health District (NHD) 
of the North West Region of Western Cameroon. (a) A zoomed-out map of collection sites from the NHD (Bambalang, Bamukumbit 
and Bamunka) and LHD (Mile 1, Bota and Bonadikombo). The insert shows the infection density (transmission intensity) from 
WHO, 2018 malaria report. Each red dot depicts a local hospital used for patient sampling. (b) Distribution of complexity of 
infection measured by MOI. (c) Distribution of diversity of infection measured by Nei expected heterozygosity index (He) between 
individual collection sites.
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n is the number of samples genotyped and Pi is the 
frequency of any ith allele at a locus for the specific 
population. He has a potential range from 0 (no allele 
diversity) to 1 (all sampled alleles are different). Multi- 
locus LD was calculated within populations as the 
standard index of association (ISA) [28], to determine 
if similar multi-locus haplotypes were detected in 
populations. ISA = (1/n – 1 ((VD/(VE) – 1), where n is 
the number of loci for which two individuals differ, VE 
and VD are the expected and observed variance respec-
tively. Values range from 0 (no loci in LD) to 1 (all loci in 
LD). The Monte Carlo method was used to test for 
statistical significance.
2.6. Population genetic differentiation, structure 
and pairwise infection relatedness
Differentiation between malaria parasite populations 
from different health districts was evaluated using a 
number of pairwise summary statistics which measure 
differences in the distribution of within and between 
population allele frequencies. These included fixation 
indices (FST) [29,30] and the more recent Jost’s D [31] 
estimated from Hierfstat [32] and R-mmod [33] 
packages in R respectively. These indices are close to 
0 when there is no genetic differentiation and 1 when 
two populations are substantially distinct.
To confirm signatures of genetic differentiation with 
genetic structure, samples from the different collec-
tions sites of each health district were evaluated for 
genetic clustering and inter-relatedness. A distance 
matrix was constructed and applied to discriminant 
analysis of principal components (DAPC) using the 
Adegenet package in R [34]. The likely number of 
genetic clusters (k) were estimated using entropy ana-
lysis of principal components. The first two compo-
nents accounting for the most variance were plotted 
to visualize clusters. In addition, the ancestry coeffi-
cients for each sample were derived from the SNMF 
R-package [35] and then clustered and displayed as bar 
plots using Pophelper R-package [36].
The genetic relatedness between pairs of infections 
was estimated from a variant of identity by state (IBS) 
metric computed using a custom R code. The variant of 
IBS was based on allele sharing incorporating all alleles 
detected across all nine isolates for each pair of iso-
lates, while correcting for missingness. The overall pair-
wise infection relatedness for both clonal and complex 




XiYi , where n is 
the number of loci genotyped, Si is the total number of 
shared alleles at locus i between samples X and Y. Xi is 
the number of alleles in sample X at locus i and Yi is the 
number of alleles in sample Y at locus i. This was 
determined for 27,770 pairs of isolates with analyzable 
genotypes from all sites. IBS values ranged from 0 to 1 
and we considered highly related pairs of infection as 
those with an IBS>0.5, analogous to 50% of shared 
alleles between the pair of isolates analyzed. Mean 
IBS was calculated for all pairs of infections from the 
same and different sites for further visualization as 
heatmaps.
2.7. Statistical analysis
The association between population diversity indices 
(MOI, Fws, MLH and He) with demographic variables 
including gender, age group (less than 5 years and 
greater than 5 years), parasite density and study site 
was tested via univariate unconditional logistic regres-
sion analysis using GraphPad Prism v8.3. Kruskal-Wallis 
test and Wilcoxon signed rank test were used to test 
for statistical significance (at α = 0.05) of differences 
between population means. The Mentel’s rand test 
was used to investigate the association between 
genetic differentiation and geographic distance 
between sites with significance at α = 0.05.
3. Results
3.1. Clinical and demographic characteristics of 
study participants
Parasite gDNA was extracted from 289 dried blood 
spots (DBS) collected from 135 (46.7%) individuals in 
the three sites of the NHD and from 154 (53.3%) indi-
viduals in the three sites of the LHD (Figure 1(a)). 
VarATS qPCR confirmed P. falciparum parasites infec-
tions in 92% (266/289) of the samples, including 124/ 
135 (91.8%) from NHD and 142/154 (92.2%) from LHD 
(Table 1). Of the 266 P. falciparum positive samples, 232 
were successfully genotyped (amplified and fragment 
scored at > 6 microsatellite loci), 126 were from LHD 
sites and 106 from NHD sites. A slightly higher propor-
tion of females compared to males was sampled (54% 
vs. 46%) and the age of the study participants ranged 
from 1.8 to 14 years in NHD and from 2.6 to 16 years in 
LHD. No significant difference (p = 0.231 and p = 0.083) 
was detected for age and sex distribution between the 
health districts (Table 2). The median parasite density 
was slightly higher but not statistically different for 
infections from the LHD (median (%) ± SD of parasite-
mia 6.3 ± 0.11) compared to those from NHD (median 
(%) ± SD of parasitemia 5.9 ± 0.23). All 232 samples 
were then taken forward for population genetic 
analysis.
3.2. Within-host complexity of infections
Most infections were complex (204/232, 80.5%; mean 
MOI = 2.72), and slightly more multiclonal infections in 
LHD (83.5%) than NHD (77.1%). The frequency of infec-
tions with two genotypes was similar (p = 0.23) 
between health districts (Figure 1(b)). However, infec-
tions with over three genotypes were more frequent in 
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LHD. Bambalang in NHD and Mile1 in LHD had the 
highest proportion of infections with MOI>3 (Figure 1 
(b)), resulting in a significantly higher mean MOI in LHD 
(2.92 vs. 2.45, p = 0.019) than NHD (Additional file: 
Table S2). Further estimation of within host complexity 
of infection by Fws and standardized multilocus het-
erozygosity (sMLH) revealed a similar pattern as MOI. 
Individual infections were more complex in LHD (mean 
Fws = 0.47, mean sMLH = 1.18) than NHD (mean 
Fws = 0.42, mean sMLH = 1.12) (Additional file: Figure 
S3.A and S3.B). The sMLH and Fws were also strongly 
correlated (goodness of fit R2 = 0.81) (Additional file: 
Figure S1.C), indicating that either index will be suffi-
cient measure of within-host diversity. Univariate logis-
tic regression analysis of indices of infection 
complexity (MOI, Fws and sMLH) against population 
demographic groups revealed no significant (p > 0.05) 
effect from gender, age and parasite density, although 
there was a trend of declining parasitemia with 
decreasing sMLH (Additional file: Figure S1.D)
3.3. Genetic diversity of P. falciparum infections
Plasmodium falciparum infections from both geo- 
ecological regions were highly polymorphic across all 
loci. However, allelic richness and heterozygosity were 
significantly lower for populations from NHD of NWR 
than those from LHD of SWR (p = 0.008 by Kruskal- 
Wallis test) (Figure 1(c) and Table S2). Allelic richness 
(Na) ranged from 6 (low) for locus TA109 in Bamunka 
(NWR) to 21 (high) for locus polyα in Mile 1 (SWR) 
(Table S2). The high allelic richness was corroborated 
by high levels of genetic diversity (mean 
He = 0.87 ± 0.03), mean He ranged from 0.80 for 
Bamunka to 0.91 for Mile1 (Figure 1(c) and Table S2), 
reflecting significant P. falciparum malaria transmission 
in both regions. The per population allele frequency 
distribution patterns reflected the differences in diver-
sity for the 2 regions (Additional file: Figure S2). Except 
for TA60, all other loci had at least one private allele. 
Polyα, Pk2 and TA81 had up to five private alleles, most 
of these were detected in samples from Mile1 in SWR 
(Additional file: Figure S3).
Multilocus LD varied between sites but was gener-
ally low (mean ISA = 0.163). This was significant (p 
< 0.02) for all sites except for Bonadikombo (Table 3). 
ISA was lowest (0.03) in Bonadikombo and highest 
(0.36) in Bamunka (most significant). LD from sites in 
NHD were significantly higher (mean ISA = 0.376) than 
in LHD (mean ISA = 0.093) (Table 3). Identical multilocus 
haplotypes were only detected in the three sites in the 
NHD, predominantly from Bamunka, where 0.26% 
(221/85,078) of infections were highly related (IBS ≥  
0.5) (Figure 3(c)).
3.4. Population structure
Discriminant analysis of principal components with 
pairwise Nei’s genetic distance matrix between infec-
tions did not completely cluster isolates from NHD and 
Table 1. Clinical and demographic characteristics of clinical isolates.
Characteristic
North West Region (NWR) 
NHD




LHD P valueBMK BBL BKB ALL ML1 BOT BDK ALL
DBS extracted DNA 77 33 25 135 72 43 47 154 289 –
Var ATS Pos 73 30 23 126 62 38 42 142 266 –
Successfully genotyped 56 28 22 106 59 34 33 126 232 –
Male sex 27 11 11 49 29 18 14 61 110 0.096
Female sex 29 17 11 57 30 16 19 65 122 0.231
Age, yrs 
(median ± SD)
8.1 7.5 7.4 7.7 ± 0.18 6.4 6.2 8.0 6.5 ± 0.02 7.1 ± 0.22 0.083
Parasitemia (%) 
(median ± SD)
6.3 5.5 5.9 5.9 ± 0.11 6.4 5.9 6.8 6.3 ± 0.23 5.4 ± 0.04 0.041
P value by Kruskall-Wallis test for comparison between NHD and LHD. VarATS (variable gene acidic terminal sequence) - P. falciparum diagnostic PCR 
(50copies/genome). Collection sites included BMK-bamunka, BBL-bambalang and BKB-bamukumbit from the Ndop health district (NHD) of the 
northwest region (NWR) and ML1-mile one, BOT-bota, and BDK-bonadikombo of the Limbe health district (LHD) of the southwest region (SWR) of 
Cameroon.
Table 2. Multi-locus linkage disequilibrium of P. falciparum infections from western highlands in the North West region and coastal 
lowland areas in the South West region of Cameroon.
Population (n) Standardized Index of Association, ISA (p value)
Bamunka (56) 0.3637 (0.001)
Bambalang (28) 0.2487 (0.005)
Bamukumbit (22) 0.5154 (0.001)
Mile 1 (59) 0.0746 (0.021)
Bota (34) 0.1720 (0.013)
Bonadikombo (33) 0.0315 (0.703)
Total (232) 0.1628 (0.001)
n = number of isolates; ISA  = standardized index of association. The Monte Carlo method was used to test the significance of LD.
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LHD into distinct subpopulations. Moreover, a scatter-
plot of linear discriminant axes 1 and 2 reveals low 
levels of separation of populations by geo-ecological 
origins (Figure 2(a)). Axis 1 accounted for the highest 
variance between regions. Ancestry analysis revealed 
most isolates as admixed, most likely originating from 
two major ancestral populations (Figure 2(b)) based on 
membership coefficients and k-mean. With k = 2, most 
parasites had their origin assigned to two major clus-
ters (dark blue or red), with much admixture in the 
intra-regional populations (Figure 2(b) upper panel). 
Analysis at k = 3 assigned the P. falciparum infections 
to an additional minor cluster (light blue), predomi-
nant in the isolates from Bambalang in NHD (Figure 2 
(b) lower panel).
Pairwise indices of genetic differentiation between 
NHD and LHD was low (Fst = 0.023 and Jost’s D 
= 0.183) but significant (p < 0.01). Values were not 
significant between populations from sites within the 
same region but significant between populations from 
different regions (Table 3). Genetic differentiation 
increased with geographic distance and showed a sig-
nificant positive correlation (p = 0.045) following the 
Mantel’s rand test (Figure 3(a,b). The most distant 
populations were Bamukumbit and Bota (separated 
by a physical distance of > 270 km) with an Fst value 
of 0.197 and Jost’s D of 0.442 (Table 3).
3.5. Pairwise genetic similarity of P. falciparum 
infections
Pairwise similarity determined by IBS (a proxy to relat-
edness) between 27,770 isolate pairs showed generally 
low levels of relatedness, with an overall average IBS of 
0.063. The most related infection pairs were found 
within populations in NHD (mean IBS = 0.086) while 
the least related pairs were within the LHD, with an 
average relatedness of 0.056 (Figure 3(c)). Relatedness 
was significantly higher in NHD, where 47 pairs of 
infections had IBS > 0.5. No pair of isolates from LHD 
Table 3. Pairwise Fst (bottom- half) and Jost’s D (top- half) between P. falciparum infections from western highlands in the North 
West region and coastal lowlands in the South West region of Cameroon.
Study Site 
ap < 0.01 BMK BBL BKB ML1 BOT BDK
BMK – 0.0564 0.0873 0.287 0.219 0.251
BBL 0.004 – 0.0501 0.246 0.233 0.196
BKB 0.001 0.012 – 0.107 0.442 0.274
ML1 0.021 0.012 0.022 – 0.063 0.107
BOT 0.028 0.0115 0.197 0.005 – 0.133
BDK 0.025 0.012 0.020 0.001 0.002 –
ap value between all comparisons by Monte Carlo method. BMK-bamunka, BBL-bambalang and BKB-bamukumbit from the Ndop health district (NHD) of 
the northwest region (NWR) and ML1-mile one, BOT-bota, and BDK-bonadikombo of the Limbe health district (LHD) of the southwest region (SWR).
Figure 2. Population structures and Ancestral origin of P. falciparum infections from two contrasting geo-ecological sites of 
Cameroon. (a) Scatter plot of discriminant analysis of principal components (DAPC) showing genetic clusters of P. falciparum 
infections (color-coded by collection site within the two regions) from collection sites. (b) Population clustering based on ancestral 
origin showing ancestry coefficients and optimum k means (k = 2 and k = 3). k = 2 produced two major population clusters (dark 
blue and red) while k = 3 produced the two major population clusters of microsatellite haplotypes and a common cluster (light 
blue). Black borders separate individual populations.
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or between LHD and NHD had an IBS > 0.5. The most 
related isolates were observed in Bamunka in NHD, 
where infections were least complex while the Mile1 
isolates were the least related.
4. Discussions
With malaria elimination on the global agenda, track-
ing the parasite’s diversity, migratory routes and infec-
tion patterns is essential for customizing the 
implementation of interventions [malERA: 37]. This 
also reduces cost and could increase effectiveness of 
interventions by targeting the most needed popula-
tions. Such an approach will be of relevance to a 
country like Cameroon, where rich geo-ecological 
variability affect the distribution of mosquito vectors 
and consequently result in heterogeneity of malaria 
transmission dynamics [2–4]. This study used nine neu-
tral microsatellite markers to show differences in 
genetic complexity and restrictions to unlimited gene 
flow between P. falciparum isolates from two health 
districts in different geo-ecological and malaria trans-
mission zones of Cameroon.
Overall, this study showed high parasite genetic 
diversity with high malaria transmission as genetic diver-
sity of infections were relatively higher in the high 
transmission sites of the LHD at the Atlantic coast [25]. 
The mean level of heterozygosity across sites was similar 
to those reported for several other high transmission 
sites across Africa: Kenya, He = 0.81–0.84 [38,39], 
Tanzania, He = 0.83 [40], Senegal and Guinea, 
He = 0.84–0.89 [23] and Nigeria (He = 0.79) [41]. 
Differences in transmission intensities, climate and vec-
tors species could be contributing to the small but 
significant difference in genetic diversity of malaria para-
site infections between the NHD and LHD sites, which in 
turn that could be affecting responses to interventions.
We combined several indices (MOI, sMLH and Fws) 
to evaluate the level of complexity within infections. 
These indices were highly correlated, with the most 
significant correlation being between sMLH and Fws. 
The variant of the inbreeding coefficient (Fws) used 
here was based on the frequency of alleles per indi-
vidual compared to that within the source popula-
tion, therefore allowing for comparison between 
populations [42]. In line with previous data, relatively 
more complex infections were observed from the 
higher transmission LHD sites, though polyclonal 
infections were common in all sites. Heterogeneity 
in infection complexity seen for sites within each 
health district could be due to discontinuity in spatial 
malaria transmission especially in NHD, where sites 
were on average separated by ~10 km. This could also 
be driven by low transmission in the NHD. The high-
est number of monoclonal infections were detected 
in the cosmopolitan semi-urban sites of Bamunka in 
NHD. With better infrastructure, transmission is low in 
Figure 3. Genetic Relatedness of P. falciparum Infections from western highland areas and coastal lowland areas in Cameroon. (a) 
Average pairwise population differentiation with genetic and spatial distance between populations. (b) Distribution of p-values 
from simulated pairwise genetic distance versus physical distance relationships, showing significant correlation. (c) Pairwise 
Identity by state (IBS) between isolates within and between sites with threshold for relatedness, IBS > 0.5 demarcated by the gray 
line shown.
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the town and most infections may have resulted from 
local outbreaks from small reservoir. This is contrary 
to importation due to urban migration which results 
in diverse parasites [43]. The differences in diversity 
between the health districts was also observed from 
linkage disequilibrium. The index of association 
between loci was low as expected for most malaria 
endemic population in Africa, but it significantly 
deviated from random allelic association. This signifi-
cant LD suggest some level of inbreeding arising from 
self-fertilization or because of high genetic related-
ness among isolates, especially in the low transmis-
sion sites in NHD (IBS = 0.086, mean ISA = 0.376). LD 
has been inversely associated with intensity of 
malaria transmission [23,25]. In areas of high transmis-
sion, LD is rapidly broken down due to increased 
proportion of mixed genotypes, leading to cross- 
fertilization and meiotic recombination. On the other 
hand, where transmission is low, the frequency of 
mixed genotypes decreases, leading to self- 
fertilization and increased LD and genetic relatedness. 
Relatedness between pairs of isolates from different 
health districts was weak, an indication that there is 
break in connectivity and mixing. There were also 
lower levels of pairwise relatedness between the 
LHD coastal cosmopolitan sites, probably a reflection 
of high rates of transmission and recombination or 
importation of diverse parasites from neighboring 
rural areas. The sites in LHD were within 7 km from 
each other, within the town of Limbe, a popular local 
tourism destination that could fuel diversity of infec-
tion due to importation.
Analysis of differentiation and population structure 
further suggested limitations to geneflow between 
health districts. Overall, measures of genetic differen-
tiation between populations from the two regions was 
significant. Therefore, the human movements between 
the two regions does not adequately allow for gene 
flow and harmonization of allele frequencies between 
the populations. The NHD and LHD sites are separated 
by over 270 km and because of geo-ecological barriers 
such as mountains, rivers, and forest; they do not 
represent a continuous transmission zone. The distri-
bution of vector populations are also different [20,21]. 
With a maximal flight distance of An. gambiae of 
approximately 10 km, it is unlikely that the same mos-
quito vector population could be transmitting para-
sites between the two regions. This lack of 
contiguous spatial geneflow was corroborated by 
moderate genetic clustering of parasites based on geo- 
ecological origin. This low-level north-south popula-
tion substructure could affect interventions, as emer-
ging adaptive loci could easily propagate in the 
absence of recombination. From a similar microsatel-
lite set, malaria parasite populations in Africa had been 
described as panmictic, with no structure [25]. 
However, this might be changing as a recent analysis 
of SNPs across multiple African populations showed 
clear subpopulations across the East to West axis [44]. 
An expansion of such analysis using the North to South 
axis as implemented here could show population 
structures that would be relevant for strategizing 
malaria elimination.
5. Conclusion
P. falciparum infections are still highly diverse and com-
plex along the North West and South West geo- 
ecological range of Cameroon, nonetheless higher in 
the Coastal lowland areas in SWR. There is sufficient 
restriction to geneflow along the North-South axis result-
ing into significant differentiation and substructure that 
could affect responses to common interventions. 
Nevertheless, this study is limited by the number of 
samples collected per site, all of which were recruited 
from individuals with clinical malaria and high parasite 
densities. Further deep sampling of more populations 
along this North-South axis, including asymptomatic 
infections, will refine the boundaries of gene flow and 
inform the Cameroon National Malaria Control 
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